The proteobacterium Buchnera aphidicola and its aphid hosts have a symbiotic relationship, in which B. aphidicola provides its hosts with essential amino acids. In the case of tryptophan, Buchnera carries genes for the biosynthesis of tryptophan on both its chromosomes (trpB and dnaN) and on plasmids (trpEG). To explore the evolution of B. aphidocola in Myzus persicae (Sulzer), we determined the partial sequences of trpB, dnaN and trpEG from B. aphidicola of four Chinese populations of M. persicae. These genes were found to have characteristics of the corresponding genes in B. aphidicola strains in other aphids. The trpB gene sequence in M. persicae was more closely related to that in Diuraphis noxia, and dnaN and trpEG genes were in the same clade as D. noxia. The phylogenies inferred from trpB, dnaN and trpEG were largely concordant, reflecting the systematics of the host aphids.
INTRODUCTION
Almost all aphids maintain an endosymbiotic association with Buchnera aphidicola, a g-proteobacterium closely related to Escherichia coli (Untermann et al., 1989; Munson et al., 1991b) . Endosymbionts, harbored in host-derived vesicles within specialized cells known as bacteriocytes, are transmitted maternally, from mother aphid to progeny (Moran et al., 1993; Baumann et al., 1995) . Phylogenetic analyses of B. aphidicola 16S rDNA sequences and aphid morphology have indicated that the association started about 150-250 million years ago (Munson et al., 1991a; Moran et al., 1993; Clark et al., 2000) .
B. aphidicola is thought to substantially contribute to the ability of aphids to thrive on plant sap, a diet rich in carbohydrates but notably poor in amino acids and other nitrogenous compounds (Raven, 1983; Douglas, 1989 Douglas, , 1993 . Furthermore, molecular and biochemical analyses (Douglas, 1998; Baumann, 2005) and genomic studies have proved that the major role of B. aphidicola in symbiosis is the provision of essential amino acids.
Tryptophan is one of the essential amino acids that B. aphidicola supplies to aphids. Using artificial diets lacking tryptophan, Douglas and Prosser (1992) found that symbiotic pea aphids (Acyrthosiphon pisum, Aphididae) could be maintained for several generations, but few aposymbiotic aphids survived. In addition, they detected tryptophan synthetase activity in symbiotic aphids but not in aposymbiotic aphids. A chromosome of B. aphidicola has two genes of the tryptophan biosynthetic pathway (trpDC(F)BA and dnaN) . The gene for the first enzyme of the tryptophan biosynthetic pathway (trpEG), which converts chorismate to anthranilate, has been found on both a B. aphidicola chromosome and on a B. aphidicola plasmid (Lai et al., 1994; Bracho et al., 1995; Rouhbakhsh et al., 1996; van Ham et al., 1999) . For example, in B. aphidicola of Schizaphis Evolutionary analysis of chromosomal genes (trpB, dnaN) and the tryptophan biosynthetic plasmid gene (trpEG) in Buchnera aphidicola of the peach aphid Myzus persicae (Sulzer) graminum, trpEG was found on a plasmid that contained four tandem repeats of a 3.6-kilobase (kb) trpEG-containing unit (Lai et al., 1994) , and trpEG was also found on a plasmid in B. aphidicola of Uroleucon species Wernegreen and Moran, 2000) ; however, trpEG was found on a chromosome of B. aphidicola of Schlechtendalia chinensis . Comparative sequence analyses indicate that the ancestral location for the trpEG gene was the B. aphidicola chromosome, not an exogenous plasmid (Rouhbakhsh et al., 1996; van Ham et al., 1997; Baumann et al., 1998) . The movement of chromosomal loci onto plasmids has been suggested to be a host-beneficial adaptation of B. aphidicola to overproduce the essential amino acids that are lacking in the hosts' diet of plant sap .
The B. aphidicola genomes have been determined for three lineages of aphids (A. pisum (Shigenobu et al., 2000) , S. graminum (Tamas et al., 2002) and Baizongia pistaciae (van Ham et al., 2003) ). Phylogenetic trees based on the full dnaN gene , the partial trpEG gene and the partial trpB gene (Clark et al., 2000; Wernegreen and Moran, 2000) of various aphids were similar. Plasmid-encoded genes (trpEG and leuABC) in B. aphidocola of Uroleucon species were shown to be transmitted vertically over many generations (van Ham et al., 2000) . The plasmidencoded repA1 gene in B. aphidicola of Pemphigus spyrothecae was found to be acquired by horizontal transfer .
M. persicae is abundant throughout China as well as worldwide. It is a polyphagous herbivore that attacks not only Cruciferous vegetables but also bean, cucumber, eggplant, tomato, cucurbits, and many other crops. To date, no studies have examined the chromosomal genes and tryptophan biosynthetic plasmid genes of B. aphidicola of this species. The aims of the study were: (1) to amplify the chromosomal genes and tryptophan biosynthetic plasmid genes of B. aphidicola from four Chinese populations of M. persicae, (2) to analyze their phylogenetic relationships, and (3) to understand the evolution of the B. aphidicola of M. persicae.
MATERIALS AND METHODS
Aphids. M. persicae were collected from four geographical localities in China (Table 1 ). The four populations were simultaneously reared on thick growths of radish (Raphanus sativus L.) in gauze cages (approx. 50 cmϫ50 cmϫ50 cm). The cages were kept in a laboratory under controlled environmental conditions (20Ϯ2°C, 60-70% R.H., 16L-8D).
DNA extraction. DNA was extracted by homogenizing a single aphid in a 20 ml mixture of STE buffer (100 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and proteinase K (10 mg/ml, 2 ml) in a 1.5 ml Eppendorf tube. The mixture was incubated at 37°C for 30 min and later at 95°C for 5 min. The samples were centrifuged briefly, and used immediately for PCR reactions or stored at Ϫ20°C for later use.
Primer design. In order to specifically amplify the genes (trpB, dnaN and trpEG) in B. aphidicola of M. persicae, we designed specific primers using Primer premier 5.0 (http://www.premierbiosoft. com/primerdesign), based on nucleotide sequences from the currently known trpB, dnaN and trpEG sequences of the Buchnera (isolated from Uroleucon sp., A. pisum, Diuraphis noxia, S. graminum and Rhopalosiphum padi). The primers used in this study were: trpB1 (5ЈGTAATGAAGCHTTRCG-YGA3Ј) and trpB2 (5ЈCRGGWCCRACAGATGG-AAA3Ј); dnaN1 (5ЈTCTATGGGTAAACAAGAT-GTA3Ј) and dnaN2 (5ЈATCATTTTCTGCTTCA-ATTTG3Ј); trpEG1 (5ЈGCAGAATAGAACTTG- AAATGA3Ј) and trpEG2 (5ЈTTCACCTGCATAT-CCGATAAT3Ј). The primers pairs were designed to amplify 388-, 585-and 794-bp fragments, respectively. PCR amplification and sequencing. All PCR reactions were run in a total volume of 50 ml, using the TAKARA Taq kit (No. R001B; Takara Co., Ltd., Joint China-Japan Cooperation, Dalian, Liaoning Province, northeast China): 31.6 ml H 2 O, 5.0 ml 10ϫbuffer, 4.0 ml dNTP (2.5 mM each), 4.0 ml MgCl 2 (25 mM), 0.4 ml Taq (5 U/ml), 2 ml DNA sample, and 1.5 ml of primers (20 mM each). PCR reactions are summarized in Table 2 . Amplification was repeated at least twice for each sample to confirm the reproducibility of the results.
PCR products were electrophoresed in a 1.0% agarose gel in TAE/EtBr for 40 min at 60 mA, and then photographed on a UV transilluminator, and were cloned into a pGEM-T vector (Promega). Each insert from three adult aphids of each population were amplified, purified and sequenced by Takara. The nucleotide sequences were deposited in GenBank under the accession numbers shown in Table 3 .
Data analyses. DNA sequences were compared online with the published sequences by similarity search engines such as BLAST at the NCBI website, then calculated in GeneDoc and aligned using the Clustal X computer program (Gene Codes Corporation). Genetic and phylogenetic relationships were analyzed with MEGA2.1 (http://www.megasoftware.net). Genetic relationships among the four geographical populations were estimated based on the pairwise matrix of sequence divergences by the Kimura-2 Parameter method. Three phylogenetic trees were constructed by the neighbor-joining (NJ) method based on the partial nucleotide sequences of trpB, dnaN and trpEG, respectively. Confidence levels for the NJ tree were assessed by bootstrapping from 1,000 pseudo-replications. Other sequences from non-Chinese aphids as well as two outgroup insects were selected.
RESULTS

Sequence analyses
For each of B. aphidicola genes, trpB, dnaN and trpEG, the sequences from the four Chinese populations of M. persicae (Table 3 ) differed by only a few nucleotides. In addition, no variable positions were detected in noncoding regions (a 3-nt spacer) between trpE and trpG among the three populations, except for the Heze population.
The nucleotide and deduced amino acid sequences of M. persicae-associated B. aphidicola trpB, dnaN, trpE and trpG genes had high identity to those of D. noxia-associated B. aphidicola genes ( Table 4 ). The similarities of the genes and their deduced amino acid sequences between M. persicae and other aphids were lower than those between M. persicae and D. noxia.
In B. aphidicola of M. persicae, the GϩC contents of trpB, dnaN and trpEG sequences showed 137 TrpB, dnaN and trpEG Genes in Peach Aphid (Table 5 ) and agreed with previously reported values of 28-31% Haynes et al., 2003) . The nucleotide sequences of genes of B. aphidicola of M. persicae had an AϩT mutation bias, particularly at synonymous third codon positions (GC3s). GC3 values of the partial trpB sequence of M. persicae (Table 5) are similar to those reported in other aphids (7-15%) (Brynnel et al., 1998) . GC3 values of the partial dnaN and trpEG sequences are summarized in Table 5 .
In contrast, amino acid composition patterns of trpB, dnaN, trpE and trpG gene products were clearly different (Table 5 ). For trpB, the average ratio of amino acids coded by AϩT-rich codons over those coded by GϩC rich codons (AT/GC) was 1.35 in B. aphidicola of M. persicae, compared with 1.23 in B. aphidicola of D. noxia (Table  5 ). The corresponding ratio for the dnaN, trpE and trpG gene product was 5.27, 1.29 and 1.72 in B. aphidicola of M. persicae, in contrast to 5.29, 1.12, 1.78 in B. aphidicola of D. noxia (Table 5) . From Table 5 , we also found that the M. persicae ratio was similar to the D. noxia ratio calculated on the basis of the corresponding region of those genes. Figures 1 and 2 show phylogenetic trees based on trpB and dnaN gene sequences of B. aphidicola from various aphids, respectively. On phylogenetic trees, four samples of M. persicae formed a compact clade with 100% bootstrap support. The M. persicae clade also clustered with N. noxia, whose bootstrap support was low (61%) in the trpB tree while fairly high (92%) in the dnaN tree. Two members of the Aphidini, S. graminum and R. padi, formed a monophyletic group with 100% bootstrap support on both trees. Uroleucon spp. plus M. ludivicianae also constituted a monophyletic group with 96% bootstrap support on both trees. Figure 3 shows a phylogenetic tree of plasmidencoded trpEG gene sequences of B. aphidicola from various aphids. On the phylogenetic tree, four samples of M. persicae formed a compact clade with 100% bootstrap support. The M. persicae clade also clustered with N. noxia, although bootstrap support was low (38%). S. graminum and R. padi formed a monophyletic group with 100% bootstrap support; however, Uroleucon spp. plus M. ludivicianae did not constitute a clade on the trpEG tree. Seven species (U. astronomus, U. ambrosiae, U. rudbeckiae, U. aenum, U. jaceae, U. sonchi and U. caligatum) and two species (U. he- lianthicola and U. rurale) formed well-supported clades (98% and 100% bootstrap values), respectively, while the other species (U. erigeronense and M. ludivicianae) did not show phylogenetic affinity to these clades.
Phylogenetic analyses
DISCUSSION
The finding that tryptophan biosynthetic genes from four Chinese populations were almost identical suggests that biogeographical and other envi- In three phylogenetic trees, M. persicae and D. noxia were always on the same branch, despite the presence of slight differences in the phylogeny of the other aphids. In other words, B. aphidicola from the four Chinese populations of M. persicae were more closely related to B. aphidicola found in the D. noxia than any other aphid. Our results agree with the previous findings of other researchers that symbiotic Buchnera bacteria and aphids (Uroleucon) undergo strict cospeciation, with no horizontal transmission of symbionts even among closely related, ecologically similar aphid hosts (Clark et al., 2000; Funk et al., 2001) .
In the three phylogenetic trees, grouping of the plasmid genes (trpEG) of Chinese M. persicae was consistent with that of chromosomal genes (trpB and dnaN) of the aphids. These results led us to two conclusions: (i) tryptophan biosynthetic genes in Buchnera of M. persicae are all vertically transmitted, indicating that the plasmid (trpEG) in endosymbionts of this symbiont group is also strictly vertically transferred. (ii) The trpEG plasmid in Buchnera of M. persicae was not acquired by horizontal transfer. Our findings support the previously established views of the larger picture of vertical plasmid transmission across millions of years (Lai et al., 1994; Bracho et al., 1995; Rouhbakhsh et al., 1996 Rouhbakhsh et al., , 1997 van Ham et al., 1999) and the vertical long-term transmission of plasmids in Buchnera of Uroleucon species. Our results also support a lack of plasmid transfer among Buchnera strains associated with aphid hosts that share habitats, host plants, and parasitoids and secondary endosymbionts (Sandström et al., 2001) .
Because there have been only a limited number of studies of aphids and B. aphidicola genes, further studies are needed to confirm that the B. aphidicola of M. persicae is similar to the B. aphidicola of D. noxia, and that the plasmid of M. persicae is vertically transmitted. One approach is to look at many more aphids to see the diversity of their B. aphidicola genomes, and to obtain the full sequences of tryptophan biosynthetic genes, which is presently underway. Another approach is to compare the sequences of the genes involved in the biosynthesis of leucine (another essential amino acid), which are located on the plasmid gene (leuABCD). We did not find a secondary endosymbiont in M. persicae, which was detected in other aphids (Darby et al., 2001; Sandström et al., 2001; Tsuchida et al., 2002 Tsuchida et al., , 2005 Haynes et al., 2003; Fig. 3 . Phylogenetic tree of trpEG genes sequences of Buchnera aphidicola in four geographical populations of M. persicae in China and other aphids from other countries using the neighbor-joining method. The trpEG genes sequences of two aphids (Baizongia pistaciae and Schlechtendalia chinensis) were used as outgroups. Bootstrap values (100 replications) are given at nodes. Russell et al., 2003; Moran et al., 2005) ; therefore, studies are also needed to determine whether Buchnera prevents other symbionts from infecting M. persicae.
